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• Cascading effect of liquid breakup - SMDs, momentum coupling etc. 
• Breakup usually completely unresolved - heavy reliance on models 
• KH/RT models have dominated in the last 2-3 decades

• KH/RT and related models have problems; they are sensitive to: model 
constants, nozzle conditions, grid resolution, liquid properties
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Interfacial instabilities: Three Aspects

�3
Revisiting models in lieu of high spatio-temporal resolution data

• Extent of validity of linear-based instability theory (KH is a subset) 

• Surface disturbances: Linear theory vs. VoF sims. in the near field 

• Role of fastest & most violent modes and primary atomization
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ECN SprayA - Asymmetries & Imperfections
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• Off-center orifice 
• Tapering orifice 
• Roughness 
• Non-Circular opening

Optical scan of the orifice exit [1]

[1] Kastengren, Alan L., et al. Atomization and Sprays (2012). 
[2] https://ecn.sandia.gov/diesel-spray-combustion/computational-method/meshes/
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• High quality, 
boundary fitted 
grid 

• VoF simulations 
(interFOAM) 

• No models
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D ~ 90 µm 
n = 40 cells

average(Δx) = 2.8µm

Spray A 
nozzle



Algebraic VoF (aVoF) (interFoam [4,5])
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Documentation and testing: 
[4] www.openfoam.org  
[5] Deshpande, Anumolu, & Trujillo 
(Comput. Sci. Disc.,2012)

Computational Science & Discovery 5 (2012) 014016 S S Deshpande et al
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Figure 14. Volume fraction distribution at the interface of a 2D droplet (a). Black curve: position of
the true interface. The VoF function varies abruptly (b), resulting in a discrete interface that is poorly
represented locally (c).

3.3.3. Spurious currents. Generation of spurious currents, which appear in the form of vortices around the
interface, has been reported for several surface tension methods [96] including the CSF method [28, 97].
These flows, also commonly referred to as parasitic currents, are generated even in the absence of any external
forcing and are solely due to numerical issues. In the case of the CSF method, the discrete approximation of
the interface (figure 14) acts as a perturbation on the physically smooth interface [66] and sets up a spurious
capillary flow in its vicinity. The magnitude of this capillary velocity (C1x ) is related to the lengthscale of
these perturbations (⇠ 1x) [28] and is given by

C1x ⇠
r

�

⇢1x
. (70)

From equation (70) it is clear that grid refinement does not mitigate, but instead exacerbates the magnitude
of spurious velocity. Apart from the curvature errors, a force imbalance serves to magnify spurious currents
through the action of fluid density (equation (68)). It is in this sense that both accurate curvature calculation and
discrete balance between pressure gradient and surface tension are required in order to minimize the spurious
currents. Once the potential for parasitic flow is established, the explicit treatment of surface tension term
places a stability condition on a time step [28, 34], given by

1t <

s

⇢1x3

�
. (71)

In a noteworthy contribution by Galusinski and Vigneaux [66], this time step constraint was revisited by
including the effect of viscosity, leading to the following generalized time step criterion:
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The performance of interFoam within the context of generalized time step requirements equation (72) is
evaluated by the following test: a stationary 2D droplet of radius 250 µm is initialized in a uniform domain of
size 10�3 m⇥10�3 m and a uniform grid size of 1x = 10�5 m. Both the fluids (droplet as well as surroundings)
share common fluid properties ⇢ and µ, which are varied systematically over a set of about 80 simulations. The
coefficient of surface tension (� = 0.01 N m�1) and simulation time step (1t = 10�4 s) are always maintained
constant. Gravity is absent in all the simulations.

Spurious currents are always generated initially for the reasons previously explained. However, depending
upon the case setup, the flow either becomes unstable or quickly stabilizes. The instability is characterized by
the growth of kinetic energy over time leading to displacement of the droplet, as shown in figures 15(a)–(c).
Stable configurations, on the other hand, manifest a rapid decay of the spurious flow and consequently no
droplet motion/distortion (figures 16(a)–(c)). A distinction between the stable and unstable cases can then be

24

Original developers: 
[1] Hrvoje Jasak, PhD Thesis, 1996 
[2] Onno Ubbink, PhD Thesis, 1997 
[3] Henrik Rusche, PhD Thesis, 2003



Illustration of the Spray
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n-dodecane at 20MPa and 343K
ρl = 715 kg/m3

ν l =  1.01×10−6  m2s−1

Rel
D ≈ 37,000

N2  at 2MPa and 303 K

ρg = 22.8 kg/m3

νg =  1.79 ×10−5  m2s−1

σ = 0.021 Nm−1

ECN SprayA Properties [1]

Spray A nozzle 
D ~ 90µm 
Δx ~ 2.8µm

Video playback is 106 times slower than real time

[1] Kastengren, Alan L., et al. Atomization and Sprays (2014)
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Experimental Validation
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Time averaging:
t0 = 25µs;  t f = 50µs

Time averaged PMD data

Projected Mass Density:

Φ z, x( ) = ρl α (x, y, z) dy
−∞

∞

∫
projection 

along y

projection 
along z

Φ y, x( ) = ρl α (x, y, z) dz
−∞

∞

∫projection 
along y
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• Asymmetric spray - Different projections give slightly different 
mass density values 

• Asymmetry extensively reported in literature as well

Error Values
Δx φz φy

5.9 µm 10.7% 7.3%
3.9 µm 4.4% 3.5%
2.8 µm 2.0% 5.0%

• Decent agreement for finer grids

Experimental Validation

[1] Kastengren, Alan L., et al. ICLASS Paper (2012) 
[2] Kastengren, Alan L., et al. Atomization and Sprays (2014)
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• Accurate liquid mass distribution - indicates that flow profile is captured well in 
the simulations
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[1] Kastengren, Alan L., et al. ICLASS Paper (2012). 
[2] Kastengren, Alan L., et al. Atomization and Sprays (2014).
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Orr-Sommerfeld 
Equation

Impose solution 
form

Identify dominant 
modes KH/RT model(s)
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N.S. Momentum 
Equation
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Simplifying 
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Three Assumptions in Linear Theory
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Extent of Validity of Linear Theory
Spray A nozzle
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Non-linear perturbation terms

grow rapidly 
to ~10%

• Strong, exponential growth in 
non-linearities 

• Assumptions may not be valid 
beyond 5d0
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Quick Departure of Surface from Linear Prescription

• Surface becomes non-linear very early (x ≅ 7d0)

liquid surface waves fold 
over themselves; 
surface is way past linearity



VoF Perturbations vs. Linear Theory Prediction
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• λ =
Uξ

freq. ,where Uξ ≅ 412 m/s

Disturbance modes in VoF 
simulations
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Disturbance modes from 
linear stability theory 

(Orr Sommerfeld solution)
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• Action of surface instability is limited to stripping of the surface 
• Core of the fluid column remains unperturbed for much longer (15 diameters)

Instability limited to stripping of surface
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Do Surface Disturbances Cause Primary Atomization?
20d0 40d0

[1] Deshpande, Gurjar, Trujillo (2015). Physics of Fluids 
[2] Marmottant, Villermaux (2004) Journal of Fluid Mechanics
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Liquid core severed
Surface breakup; 
core undisturbed

• Breakup happens in the form of large-scale 
oscillations about 30d0 downstream of 
surface breakup 

• Surface disturbances may not be directly 
responsible for destruction of liquid core 
[1, 2]
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Conclusions
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[1] Deshpande, Gurjar, Trujillo (2015). Physics of Fluids 
[2] Marmottant, Villermaux (2004) Journal of Fluid Mechanics

• Linear Regime: 

- Non-linearities exhibit strong, exponential growth, 10% by x=4d0 

- Initial unstable modes are predicted well by linear-theory

x/d0 = 7

Linear 
Regime 

x/d0 = 37.8± 3.2

Primary 
Atomization

• Primary Atomization: 

- Complete destruction of core happens ~30d0 downstream 

- Surface disturbances may not be directly responsible for destruction of liquid core [1-2]

Breakup of 
Most Violent 

Modes 

• Surface Breakup: 

- Unstable modes break up the surface relatively early (x=7d0 to 10d0)
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Thank you!


